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INTRODUCTION
Previous studies of the quality of market-forecasted future volatility in currency options have used implied volatilities from exchange-traded currency options markets. Generally, they found that implied volatility has substantial informational content, and that it outperforms historically based volatility forecasts, but it is still biased. However, such empirical results are likely to be affected by two sources of well-documented errors: measurement errors in model inputs and errors in the option pricing model that is used for computation. The errors in model inputs can arise from bid-ask spreads, non-synchronization in option and underlying asset prices, different closing times of exchanges, maturity mismatches, the expiration-day effect, and the time-varying maturity of exchange-traded options, as discussed in numerous studies (e.g., Canina & Figlewski, 1993; Christiansen & Prabhala, 1998; Day & Lewis, 1992; Figlewski, 1997; Fleming, 1998; Jorion, 1995) . Furthermore, studies that are based on exchange-traded options also are likely to suffer from potential noise from the volatility smile effect. Exchange-traded options have fixed strike prices, and as the underlying asset price changes, such option contracts may become more or less in the money or out of the money. It is very unlikely that the option is exactly at the money, and thus the implied volatility from an option pricing model that has not accounted for the smile effect is likely to be subjected to error. This article differs from previous studies in that it uses quoted implied volatility data from the OTC currency option market. 1 The 2 However, this study does not account for the effect of option-pricing-model misspecification on the quality of the implied volatility. Empirical studies that account for model misspecification include Amin and Ng (1997) , who employed several interest-rate option models to study the quality of implied volatility in Eurodollar futures options, and Poteshman (2000) , who used a stochastic volatility model to study the quality of implied volatility in S&P 500 index option. institutional features of the OTC market alleviate the measurement problems that are found in studies that use implied volatility that is derived from exchange-traded option prices. 2 Unlike exchange-traded currency option markets in which market players quote option prices in terms of option premiums, in the OTC currency option market the price quotes actually are made in terms of volatility, which is expressed as a percentage per annum. For example, an option might be quoted as a 10% bid that then would be translated into option premiums by introducing the volatility figure into the Garman-Kohlhagen model, along with the current spot exchange rate and domestic and foreign interest rates at that point in time. Strictly speaking, quoted implied volatility is a form of implied volatility. Virtually every article in the option literature uses exchange-traded options with varying maturities. In contrast, the OTC currency options used in this study have constant maturity and always are traded at the money, which leads to more stationarity in data and less specification errors. Furthermore, the OTC currency option market is substantially more liquid than the exchange-traded currency option market. The annual turnover of currency options that are traded on organized exchanges was about US$1.3 trillion in 1995 and declined to US$0.5 trillion in 1998, 3 whereas the annual turnover on the over-the-counter market was about US$10.25 trillion in 1995 and US$21.75 trillion in 1998. 4 Thus, the importance of this study is in exploring the OTC currency options market, which has distinct institutional characteristics that obviate the measurement errors that are found in previous studies, to address the following questions. Firstly, what is the quality of market-predicted volatility when the data does not suffer from some of the problems that were mentioned earlier? Secondly, does the market's ability to forecast future volatility vary with the forecasting horizon? The unique features of the OTC market allow us to test this hypothesis because only within that market are there daily quotes for currency options with standard maturities.
Specifically, this study compares the predictive power of quoted implied volatility for options with standard maturities of 1, 2, 3, and 6 months with volatility forecasts that are derived from historical data.
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The data that kindly has been provided for this study contains only these three pairs of currencies. These exchange-rate quotations are used as they are in line with the practice of the OTC currency market.
Three widely used methods are employed to compute the volatility forecast from historical spot exchange rates: historical standard deviation, the Generalized AutoRegressive Conditional Heteroskedasticity (GARCH) (1, 1) model, and the Exponentially Weighted Moving Average (EWMA) model that is presented in J. P. Morgan's RiskMetrics™. Because OTC data has been collected systematically only recently, the limited data span-June 5, 1996 to April 25, 2000-makes it important to use fully all of the information in the sample. Thus, the tests are conducted using daily data for GBP/USD (U.S. dollars per British pound), USD/JPY (Japanese yen per U.S. dollar), and AUD/USD (U.S. dollars per Australian dollar) contracts.
The results of this study show that market-forecasted volatility is a good estimator of future volatility, even when matched with more sophisticated historical time-series-based conditional volatility estimates from the GARCH and EWMA models. Differing from previous studies, this study also finds that quoted implied volatility generally is an unbiased estimator of future volatility at the shorter forecasting horizon for all of the currencies that are studied. As previous results were robust across time, and because there is no reason to believe that traders on the OTC currency market are better than those in other markets, the plausible explanations of the differences in the results are: (i) the importance of measurement errors, and (ii) the higher liquidity on the OTC market, which is consistent with the Figlewski (1997) hypothesis that the informational content of quoted implied volatility is related positively to liquidity. However, the quoted implied volatility is still a biased estimator for longer horizons, and its superior forecasting ability diminishes as the forecasting horizon increases. Nevertheless, as options with longer terms of maturity have lower liquidity than shorter-term options, this observation supports Figlewski's liquidity hypothesis. Scott (1992) examined whether implied volatility less intraquarterly historical volatility would have been useful for forecasting changes in future intraquarterly volatility from 1983 to 1989. He found that the implied volatility from British pound, Deutsche mark, and Swiss franc spot options that were traded on the Philadelphia Stock Exchange (PHLX) is 6 The simulation results of Jorion (1995) showed that when accounting for possible measurement errors and statistical problems, the slope of the volatility forecast is 0.907, as compared to the actual slope of 0.547. informative and close to being an unbiased forecast of future volatility, but that the implied volatility from the Japanese yen had no informational content. Using ARCH-based volatility forecasts and a new methodology that accounts for the term structure of volatility expectations, Xu and Taylor (1995) found that PHLX implied volatilities provide specifications for daily conditional variance that cannot be improved significantly by using past returns. In contrast, Taylor and Xu (1997) showed that when using high-frequency exchange rates, historically based forecasts of volatility provide information that is additional to the information found in option prices. Jorion (1995) investigated Deutsche mark, Japanese yen, and Swiss franc futures options that were listed on the Chicago Mercantile Exchange from 1985 to 1992 and found that implied volatility, while it outperforms other volatility forecasts, is still biased. Bodurtha and Shen (1995) reached a similar conclusion with regard to the forecasting ability of implied volatility from Deutsche mark and Japanese yen spot options that were listed on the PHLX in a more recent period-1991 to 1994. Bates (1996) looked at the weekly volatility forecasts from Deutsche mark and Japanese yen spot options that were listed on the PHLX from 1984 to 1992 and showed that implied volatility has substantial informational content, but rejects the unbiasedness hypothesis. Using a different approach to extracting the implied variance from option prices, Guo (1998) also found that daily currency implied volatility is a biased forecast of future volatility. Thus, extant studies have suggested that the implied volatility derived from exchange-traded currency option prices is a biased and inefficient estimate of future volatility. However, as mentioned earlier, the use of implied volatility from the exchange-traded option market in estimating the market view of future volatility suffers from measurement errors such as the non-synchronization of option and underlying asset prices, the expiration-day effect, and the volatility smile effect. Using simulations, Jorion (1995) found that the above-mentioned sources of measurement error could substantially distort inferences and account for a significant part of the biases that are associated with the tests of the predictive power of implied volatility. This study circumvents these problems by using quoted implied volatility from the OTC currency option market, in which traders quote prices in terms of volatility. Furthermore, the OTC currency options 7 Bruer and Wohar (1996) discussed how ignoring foreign-exchange market conventions on sampling data can lead to biased estimates. 8 The descriptive statistics for the level of the actual and quoted implied volatility are available from the authors upon request. Other studies that used log volatility series are those of Christensen and Prabhala (1998) and Poteshman (2000) .
LITERATURE REVIEW
have daily quotes for standard maturities, which allows an investigation of the market's ability to forecast future volatility for different horizons.
DATA AND METHODOLOGY

Data and Descriptive Statistics
The data set that is employed consists of daily average bid and ask closing volatility quotes of GBP/USD (U.S. dollars per British pound), USD/JPY (Japanese yen per U.S. dollar), and AUD/USD (U.S. dollars per Australian dollar) OTC options from June 5, 1996, to April 25, 2000. There are 12,180 observations, with an average of 1015 observations per currency pair in each maturity period.
Specifically, the data represent quoted implied volatility prices that correspond to the at-the-money forward straddles (i.e., one European call plus one European put, the common strike price of which equals the forward rate) with standard maturities of 1, 2, 3, and 6 months. The at-themoney forward-straddle quotes are used because the interbank OTC currency options frequently are traded in combinations, and the most liquid combination is the at-the-money forward straddle. Both the quoted implied volatility and spot exchange rates were obtained from Bloomberg, who collected them from the interbank OTC market.
The actual or realized volatility is calculated from the spot exchange rates using market conventions 7 over the option period, that is, from the quotation date to the expiration date of the option. For example, a onemonth option contract that was quoted on February 8, 2000, would expire on March 8, 2000, with settlement two business days later, on March 10, 2000. The standard deviation is calculated using the continuously compounded daily spot returns from February 8, 2000, to March 8, 2000, and annualized. Table I presents the summary statistics for the natural logarithm of the quoted implied volatility and actual volatility for the USD/JPY, GBP/USD, and AUD/USD currency pairs. The log series is chosen due to better normality properties. 8 The quoted implied volatility series are based on the average of the bid and ask prices on 1-, 2-, 3-, and 6-month options. Note. This table summarizes the mean, standard deviation, minimum, maximum, kurtosis, skewness, and the first-order autocorrelation of the logarithm of quoted implied volatility (QIV) and actual volatility ( The following observations can be made from Table I . Firstly, there are no systematic differences in the mean quoted implied volatility and mean actual volatility. The mean quoted implied volatility is greater than the mean actual volatility for USD/JPY and GBP/USD, but not for AUD/USD. This is similar to the Jorion (1995) findings on the relationships between implied volatility and actual volatility. Secondly, the mean actual volatility increases with the time horizon, whereas the relationship between the mean quoted implied volatility and the time horizon is mixed.
The mean quoted implied volatility for AUD/USD decreases with the horizon, whereas those for GBP/USD and USD/JPY show a positive term structure of quoted implied volatility. Thirdly, and consistent with previous studies on the term structure of volatility (Campa & Cheng, 1995; Xu & Taylor, 1994) , there is a decrease in the standard deviation of both quoted and actual volatilities with the maturity. For the GBP/USD pair, the standard deviation of 1-month quoted implied volatility is 0.204, which is two times the standard deviation of the 6-month quoted implied volatility of 0.094. For the same currency pair, the standard deviation of 1-month actual volatility is 0.271, which is 2.7 times higher than the standard deviation of the 6-month contract at 0.100. Consistent across currencies, the longer horizon contracts are less variable than the shorter contract. Chang (1995, 1998) attributed these findings to the property of mean reversion of the short-dated currency volatility.
The unit root tests show that the volatilities are marginally stationary. According to the autocorrelation statistics in Table I , all volatility series have very high autocorrelation. For example, for the 1-month USD/JPY contract, the first lag autocorrelation is 0.941 for the quoted implied volatility and 0.978 for the actual volatility. These findings are typical for series with overlapping data and are consistent with other studies that use implied volatility. Although not reported here, the autocorrelation and partial correlation functions indicate that all of the series experience mean reversion and are characterized by a first-order autoregressive process. Jorion (1995) showed that autocorrelation in the volatility series causes a downward bias in the Ordinary Least Squares (OLS) standard errors. Drawing from the literature, the present study takes this into account by using the Newey and West (1987) method that provides consistent estimates of the covariance matrix in the presence of both heteroskedasticity and autocorrelation.
Time-Series Volatility Forecasts
Three widely used methods are employed to calculate volatility forecast based on historical return data.
Historical Standard Deviation
Several historical standard-deviation time series are constructed from spot exchange rates to match the forecasting horizon for each of the option maturity. This is done by computing the annualized standard deviation of spot-exchange-rate log returns over 23 business days before the forecast day for the 1-month contract, 46 business days for the 2-month contract, 69 business days for the 3-month contract, and 138 business days for the 6-month contract.
GARCH-Based Volatility Forecast
One way to provide conditional forecasts is by using a GARCH methodology that directly models the time-varying volatility. This article adopts the GARCH(1, 1) specification, which was employed by Jorion (1995) and Bodurtha et al. (1995) , among others. Further tests of alternative GARCH specifications also are carried out, but it is found that the GARCH(1, 1) model is the most appropriate. The GARCH(1, 1) model is as follows: (1) where is the continuously compounded return of the spot exchange rate, is the mean daily return, and h t is the conditional variance. In the variance equation, b 0 represents the mean variance, b 1 is the coefficient on the squared forecast-error term, and b 2 is the coefficient on the lagged conditional-variance term. The interpretation of this specification is that a trader predicts the next period variance from a weighted average of the long-term average variance, the forecasted variance from the last period, and the information about the volatility that was observed in the previous period.
Using Equation 1, on any day t, a one-day-ahead forecast of volatility is constructed. For horizons of one month or more, the T-days-ahead forecast is obtained by using recursive substitution in the variance equation. To obtain a GARCH forecast that directly is comparable to the quoted implied volatility, the to forecasts are constructed and the Kroner, Kneafsey, and Claessens (1994) procedure is used: (2) where T is the number of days ahead to forecast, and is the forecasted variance at time t over the next T days. This then is multiplied by the appropriate factor, and the square root is taken to yield the "annualized" GARCH(1, 1) volatility forecast.
To ensure that the volatility forecasts only make use of information that is available to traders at the time when the forecasts are made, this study uses a rolling GARCH, in which a moving window of a fixed number
See J. P. Morgan (1996, pp. 78-82) for details. of daily observations is used. On each day, observations over the last 1000 days are used to estimate the ARCH and GARCH coefficients, which then are used to compute the forecasts over the various horizons, from 1 to 6 months, for that day. In this way, the out-of-sample forecasts of volatility are obtained to match against the other volatility measures.
RiskMetrics™ (EWMA) Volatility
J. P. Morgan developed the Exponentially Weighted Moving Average (EWMA) model as an alternative to the GARCH model for estimating future volatility. 9 The name of the model comes from the fact that forecasted volatility is an exponentially weighted sum of historical squared returns, with the weights declining geometrically the farther back in time that one goes. The strength of the model is the ease of estimation due to a particularly simple formula for updating volatility estimates: (3) where is the one-day-ahead variance forecast, h t is the one-day forecast variance made at day t, is the squared-return innovation, and l is the decaying factor that determines the relative weights that are applied to past observations. By recursive substitution of h t in Equation 3, the following equation is obtained:
where N is the number of previous return innovations used in forecasting the variance. Consistent with RiskMetrics™, l is set equal to 0.94 and N ϭ 74 days. An advantage of the RiskMetrics estimator is that it gives more weight to recent returns, whereas the usual volatility estimator weights all returns equally over the horizon at which past volatility is estimated. To obtain volatility forecasts for the T-day horizon, the square root of is multiplied by
Methodology
The main hypothesis is that the quoted implied volatility from the OTC market is a better predictor of future volatility than are forecasts based on historical data. The model used to test this is: Taylor (1999) argued that an a 0 that is equal to zero and an a 1 that is equal to one are sufficient but not necessary conditions. where denotes the actual volatility over the period t to and is the quoted implied volatility that is observed at time t for a contract that expires on is the volatility forecast over the period t to which is computed using the historical standard deviation, GARCH(1, 1) or RiskMetrics EWMA models. All of the volatility measures are standard deviations, and the variables are in log form.
Variations of Equation 5 are used to analyze the forecasting power of quoted implied volatility and historically based volatility forecasts independently and jointly in a multiple-regression setting. Several hypotheses are tested.
Firstly, if quoted volatility is informative about future volatility, a 1 should be statistically different from zero. Secondly, an a 0 that is equal to zero and an a 1 that is equal to one are the sufficient conditions for quoted volatility to be unbiased.
10 Thirdly, if quoted implied volatility is an informationally efficient forecast of future volatility, then a 2 should be zero when the historically based volatility forecast is regressed jointly with quoted implied volatility. The above are three standard hypotheses that are employed in the literature to study the information content of market volatility. A fourth hypothesis is explored in this study. The data set allows the study to test whether the forecasting ability of quoted implied volatility is related negatively to the forecasting horizon. If the hypothesis is true, then the a 1 coefficient should decrease in economic and statistical significance with the time horizon.
EMPIRICAL RESULTS
Univariate Regression Tests
OLS estimates of Equation 5 are carried out with quoted implied volatility, historical, GARCH, and EWMA volatilities as independent variables. The results are presented in Table II . As the actual volatility is constructed from overlapping daily returns, the OLS estimates are unbiased and efficient, but standard errors are biased downwards. The Newey-West (1987) method, with the number of lags equal to the number of days in the forecasting horizon, is used in computing the t-statistics to correct for heteroskedasticity and autocorrelation in the residuals that are caused by this overlapped data.
When quoted implied volatility is the independent variable in Equation 5, all of the currencies at each forecasting horizon (except t ϩ T, GBP/USD at the 3-month and the 6-month horizon) have estimates of a 1 that are statistically different than zero. The statistical and economic significance of a 1 , however, decreases with maturity. The 1-month forecasting horizon has the largest value of a 1 , which ranges from 0.65 for GBP/USD to 0.84 for AUD/USD, and the 6-month forecasting horizon has the smallest value of a 1 , which ranges from Ϫ0.11 for GBP/USD to 0.62 for USD/JPY. Furthermore, a 1 is not significantly different from one for the 1-month USD/JPY and AUD/USD forecasting horizon. However, the F-test rejects the unbiasedness hypothesis of and for all of the currencies and maturities except for USD/JPY 1-month. Thus, quoted implied volatility contains significant information about the future volatility, and this information decreases as the forecasting horizon lengthens.
The results for historical standard deviation are mixed. The predictive power of historical standard deviation is relatively weaker. However, for USD/JPY and AUD/USD, the predictive power increases with the forecasting horizon from 1 month to 3 months.
The difference in the prediction power of historical standard deviation and quoted implied volatility also is evident from the values of the adjusted R 2 . For instance, across all currencies for the 1-month horizon, ( 1) where denotes the actual (realized) volatility over the period t to is the quoted implied volatility that is observed at time t for a contract with maturity at , and is the volatility that is forecast over the period t to , which is computed using the historical standard deviation, GARCH(1, 1), or RiskMetrics EWMA models. The historical standard deviation was calculated using daily exchange rates over the 23 working days (1M), 46 Days (2M), 69 Days (3M), and 123 Days (6M) prior to the forecast. The GARCH forecasts are based on a rolling GARCH (1, 1) 
the adjusted R 2 values are much greater for quoted implied volatility than for historical volatility. However, the difference diminishes with a longer forecasting horizon.
When GARCH or EWMA volatilities are regressed independently, both have high explanatory power across forecasting horizons and currency pairs, but not as good as that of quoted implied volatility. The largest coefficients, which correspond to the 1-month horizon, are between 0.45 for GBP/USD and 0.633 for USD/JPY for the EWMA, and between 0.615 for GBP/USD and 0.796 for AUD/USD for the GARCH. The univariate results in Table II show that the slopes of the GARCH and EWMA forecasts are comparable to the slopes of the historical standard deviation, but are smaller than the slope of quoted implied volatility. This finding also is supported by a higher R 2 for the quoted implied volatility regression.
Encompassing Regression Tests
The results in the previous section show that the quoted implied volatility is significantly better than the alternative volatility forecasts. In this section, forecast-encompassing tests that are based on Equation 5 are employed to determine whether quoted implied volatility incorporates all of the relevant information in competing forecasts, namely whether it is informationally efficient. Table II presents the results. When both the historical standard deviation and the quoted implied volatility are employed, the statistical evidence shows that the quoted implied volatility subsumes the historical volatility for the 1-and 2-month forecasting horizons. However, the same is not observed for the 3-and 6-month forecasting horizons. For the 1-month contract, a 1 ranges from 0.74 (USD/JPY) to 0.89 (AUD/USD), and the quoted implied volatility is an unbiased estimate of the actual volatility for all three currencies. In contrast, a 2 is statistically and economically insignificant across all currencies. However, as the forecasting horizon increases, the economic and statistical significance of a 1 decreases and that of a 2 increases, with the results being similar across the three currency pairs. These results are consistent with the hypothesis that the quoted implied volatility has good predictive power for future volatility. However, the statistical evidence on the quoted implied volatility as an unbiased predictor of actual volatility is mixed. Quoted implied volatility is an unbiased predictor of future volatility at the 1-month horizon, but exhibits bias for all other forecasting horizons. The quoted implied volatility also appears to be an informationally inefficient forecast of actual volatility for each forecasting horizon and currency pair, with the associated F-statistics being greater than the critical value of 3.8.
Table II also shows that the quoted implied volatility contains a substantial amount of information when compared to GARCH and EWMA volatility forecasts. The results are consistent across forecasting horizons and currency pairs. For example, at the 1-month horizon for the USD/JPY when EWMA is regressed jointly with the quoted implied volatility, a 1 is 0.59 and a 2 is only 0.239. At the 6-month horizon for the AUD/USD when GARCH is regressed jointly with the quoted implied volatility, a 1 is 1.054 and a 2 is only Ϫ0.746. Furthermore, quoted implied volatility is an unbiased estimate at the 1-and 2-month horizons for the USD/JPY when regressed with GARCH, and for the AUD/USD when regressed with EWMA. The adjusted R 2 values also are noticeably higher when the quoted implied volatility is included. For example, at the 1-month horizon for the AUD/USD when EWMA and GARCH are regressed independently, the adjusted R 2 values are 0.29 and 0.25, respectively. However, when quoted implied volatility is included, the adjusted R 2 values improve to 0.49 and 0.51, respectively. Overall, the quoted implied volatility remains the best forecast, even when matched with more-sophisticated time-series-based volatility estimators.
The evidence suggests that the ability of quoted implied volatility to forecast future volatility is surprisingly good for the short-term forecasting horizon. However, the quoted implied volatility does not perform as well in forecasting longer horizon future volatility. There are several possible explanations for this. Firstly, it is commonly accepted that market traders are better in identifying and analyzing the fundamentals (e.g., central bank policies or macroeconomic data) and technical factors (e.g., market sentiments or trends) that affect short-term volatility than affect long-term volatility. Secondly, the recent behavioral literature indicates that investors in the stock market suffer from overconfidence and extrapolative biases, and it is plausible that currency traders experience the same behavior, which might impair their forecasting ability.
Finally, as suggested by Figlewski (1997) , although traders may make rational forecasts of future volatility, the lack of market liquidity, the presence of transaction costs, and the difficulty of executing arbitrage opportunities may prevent option prices from accurately reflecting the best forecast of future volatility. The information on the actual trading volume for options with different maturity periods is not available. However, discussions with several OTC currency option traders suggest that longer maturity option contracts are relatively less liquid than the shorter contracts. The 1-month contract, which is the most liquid and easiest to hedge with delta transactions (cash or futures), offers the best volatility forecast. In contrast, the least liquid 3-and 6-month contracts provide the worst forecasts.
ROBUSTNESS TESTS
Further tests are conducted to verify the robustness of the results to alternative sampling frequencies and methods of evaluating forecast accuracy.
Volatility Forecasting with Monthly Sampling
This section determines how sensitive the results are to the sample frequency. The tests that have been performed so far use daily volatility data that introduces overlaps in the error terms that tend to bias the OLS regressions. The reason for this bias is that each observation in a particular volatility time series is constructed according to a moving window of N daily returns that differs from the previous window by just one return. To assess this effect, new series of one-month-ahead forecasts with nonoverlapping periods are constructed based on monthly sampling.
For all of the currencies, the study re-estimates the univariate and encompassing regressions based on Equation 5; the results are presented in Table III . Because the non-overlapping series are one-month volatility 
where denotes the actual (realized) volatility over the period t to is the quoted implied volatility that is observed at time t for a contract with maturity at , and is the volatility that is forecast over the period t to , and is computed using the historical standard deviation, GARCH(1, 1), or RiskMetrics EWMA models. The GARCH forecasts are based on a rolling GARCH(1, 1) model. The results are based on 51 monthly data per currency pair per maturity period form June 5, 1996 , to April 25, 2000 . The Newey-West heteroskedasticity and autocorrelation adjusted standard errors are in parenthesis. The F1-statistic tests the hypothesis that and . The F2-statistic tests the hypothesis that and . *Significantly different from zero at the 5% level. † Not significantly different from one at the 5% level.
forecasts, the results from Table III are directly comparable with the  results from Table II , which correspond to the one-month forecasting horizon. The results that correspond to the univariate regressions for all three currencies show small increases in the coefficients that correspond to the quoted implied volatility and decreases in those that correspond to the historical standard deviation and GARCH. As before, the quoted implied volatility is an unbiased estimate of future volatility, and the historically based volatility forecasts have high explanatory power. Interestingly, the adjusted R 2 values in Table III are lower than those in Table II , which suggests that the volatility forecasts explain less of the variation in the actual volatility for one-month sampling than is explained in daily sampling.
When implied volatility is regressed jointly with the other three volatility forecasts, there is a small increase in the slopes of the implied volatility, but no change in the slopes of the alternative forecasts when compared to the corresponding values from Table II. The information value of implied volatility is supported further by lower F1 and F2 statistics, with eight out of the nine F1 statistics and five out of the nine F2 statistics being insignificant at the 5% level. The adjusted R 2 values in Table III for all three of the multivariate regressions that correspond to USD/JPY are smaller than those in Table II , whereas those that correspond to the other two currencies experience no change.
Overall, the results in this section are qualitatively similar to those that were reported in the previous section, which suggests that the findings are robust with respect to the sampling frequency.
Alternative Measures of Forecast Accuracy
The robustness of the results is checked further by two alternative forecast-evaluation methods. The statistics that correspond to the daily volatility series are presented in Panel A of Table IV , and those for the monthly series are presented in Panel B. Firstly, the root-mean-squared error (RMSE) for the quoted implied volatility, historical standard deviation, GARCH, and EWMA volatility estimators are computed. Because RMSE depends on the scale of the forecast variables, it should be used as a relative measure to compare forecasts of the same option only. For both the daily and monthly series, the RMSE results indicate that, over both the 1-and 2-month horizons, quoted implied volatility outperforms any of the measures that are based on historical data, but performs equally well over the 3-and 6-month horizons. The results are qualitatively similar across currencies.
Although the RMSE forecast evaluation is common in the forecasting literature, it has several limitations. Fair and Schiller (1990) showed that when even one RMSE is higher than the other, it can contain information that is not present in the forecast with lower RMSE. Furthermore, when the RMSEs are very close, they cannot be used to distinguish superior forecast accuracy among several competing models.
An approach that was proposed by Harvey, Leybourne, and Newbold (1997) (HLN) can be used to achieve further insights into the predictive power of quoted implied volatility as compared to the alternative forecasts. The HLN method is a modified version of the Diebold and Note. This table shows the RMSE (Root-Mean-Squared Error) of the quoted implied volatility, historical standard deviation, GARCH(1, 1), and EWMA volatility estimators for the three currency pairs. It also depicts the Harvey, Leybourne, and Newbold (HLN) statistic on the null hypothesis of the equal forecast performance of quoted implied volatility and the alternative historical data-based estimators. The HLN statistic is compared to a critical value from student t-distribution. Panel A presents the results that correspond to the daily series and four forecasting horizons. Panel B shows the results for the monthly series and a one-month horizon. *Significantly different from zero at the 5% level.
11 The HLN statistic is defined as: where N is the number of squared error observations, h is the number of days in the forecast horizon, d is the sample mean of the difference in squared errors, and is the asymptotic variance of d.
, Mariano (1995) test, which is an asymptotic test of the null hypothesis of no difference in the accuracy of two competing estimators, which allows the forecast errors to be non-Gaussian, non-zero mean, and serially and contemporaneously correlated. In contrast to other methods, this test does not impose serious restrictions and is not sensitive to the non-normal properties of forecast errors. Furthermore, the HLN test is designed to correct for autocorrelation in the error series, which may result from the overlapping observations. The HLN statistics are compared to the critical value from a Student's t-distribution with ( ) degrees of freedom.
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Table IV also reports the results of the HLN test of the accuracy of quoted implied volatility against the three historically based volatility estimators. A negative and significant statistic indicates that quoted implied volatility is a better forecast than the alternative. For example, in Panel A, the AUD/USD quoted implied volatility is a better forecast than historical volatility for the 1-and 2-month horizon (with HLN statistics of Ϫ11.31 and Ϫ11.68), but not for the 3-and 6-month horizons (with HLN statistics of Ϫ1.84 and 1.12). Furthermore, the HLN statistics show that implied volatility performs better than GARCH and EWMA for all currencies and horizons. The results in Panel B practically match those in Panel A (the 1-month horizon), which indicates that the results are not sensitive to the sampling frequency.
Overall, these results are consistent with the findings that quoted implied volatility is the best forecast over short horizons and is at least as good as historically based volatility forecasts over long horizons.
CONCLUSION
The evidence shows that quoted implied volatility is an unbiased estimator of future volatility at the 1-month horizon, but its predictive power decreases with longer horizons. The results are consistent with the Figlewski (1997) hypothesis that the informational content of quoted implied volatility is related positively to liquidity. The 1-month contract is the most liquid, and arbitrage is relatively easy to implement at the least cost, but market liquidity drops for contracts with longer maturities. The results also indicate that the quoted implied volatility has more predictive power than the historical standard deviation, RiskMetrics, and GARCH-based volatility forecasts across all of the currency pairs and N Ϫ 1 forecasting horizons. Overall, quoted implied volatility subsumes the other forecasts at the shorter horizons, and it is as good at the longer horizons.
Although the two sets of results are not strictly comparable for the 1-month contract, it is worthwhile to note that the results of this study are a significant improvement over those of previous studies. This study finds that the quoted implied volatility is an unbiased estimate for all currencies, with an average slope coefficient that is above 0.83, and an adjusted R 2 value of greater than 0.4, as compared to-for example- Jorion (1995) , who reported slopes of between 0.5 and 0.7, and an adjusted R 2 value that was not greater than 0.15. Possible explanations of the differences in the results are: (i) the importance of measurement errors, and (ii) the higher liquidity on the OTC market, which is consistent with the Figlewski (1997) liquidity hypothesis.
